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I. SUMMARY

The vortex theory of propellers is developed in a manner suit-
able for the analysis of propellers for tilt-wing VTOL aircraft. Expres-
sions defining the optimum rotor and the optimum propeller are devel-
oped. However, it is shown that a single design cannot be made which
will satisfy simultaneously both optimums. From the results of com-
putations performed with an automatic digital computer, it is concluded
that in order to obtain good performance from a single design acting as
both a rotor and a propeller, the propeller should be designed to operate
at a high advance ratio in the airplane state. In addition, depending
upon the blade , the design of the propeller, with regard to
pitch distribution and pl&nform. should favor operation as a propeller
rather than as a rotor.

A

I
I
I
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I II. NOT kTI.CN

a b/T/2 7

ao d CI / d0(

aoinc ao for incompressible flow

b number of blades

c section chord

Cd section drag coefficient

3 C! section lift coefficient

Clavg average lift coefficient

Cp power coefficient = P'pVT37rP2

Ct thrust coefficient = T/p VT2 1TR2

D propeller diameter

F averaging factor for induced velocity

FQ torque force

k blade taper

M figure of merit; also, Mach number

Mcr critical Mach number

p blade pitch

P power

Pi induced power

Pp profile power

I r station radius

I rh hub radius

R propellpr radius

IT thrust

V advance velocity

COF. IDNTIAL
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I Ve rpsuitant velocity (see Figure 1)

Vr resultant velocity (see Figure 4)

Vt tip velocity due to rotation only

W propeller induced velocity

Wa axial component of w

I Wt tangential component of w

wo  impact velocity (see Figure 4)

I Wo,  wo/VT

x r/R

I Xh rh/R

I0 ang'.e of attack

qj indu.ed angle of attack

I blaie pitch angle

change in

IV rT/CT" C~opt/O

r bound circulation

Cd/Cl

1 44 angular velocity

Arsultant flow angle

r fror X=l1
Gb soliiity = bc/wr

solidity for X = 0

1 7 proreller efficiency CTA/Cp

_ -efficiency for rotor

V/VT

subscript "opt" denotes optimum

CONFIDENTIAL
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I III. INTRODUCTION

g There are many factors to be considered in the design of rotors

for VTOL aircraft. This present study is limited to the aerodynamic

1 considerations.

IIt is fundamental that any device designed to perform a number

of functions is usually never as efficient in performing any given one

Iof those functions as a device designed specifically for that parti-
cular function. Similarly, it is to be expected that a rotor for a

VTOL aircraft will not be as efficient a rotor as a helicopter rotor

or as efficient of a propeller as an airplane propeller. The main

difficulty in the design of a VTOL rotor is the fact that as a rotor

it is loaded relatively heavy, while as a propeller it is lightly

loaded. A compromise must be reached between these two states of

operation.

There are several approaches which can be taken to this problem.

Airst, the optimum designs as a rotor and as a propeller can both be

investigated to determine the differences between the two. Next, the

optimum rotor can be analyzed as a propeller and inversely the optimum

propeller can be analyzed as a rotor. Finally, arbitrary designs can

be analyzed as both a rotor and a propeller.

Other artificial means, such as retractable blades, boundary layer

control or a blade with the ability to vary its twist are possible ans-

wers to satisfying the two regimes of operation. However, these are

beyond the scope of this presentation.

COFID MIAL
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In this developeent, the following problems are considered.

First, the optimum twist is calculated for a rotor in hovering having

a Liven planform and tip speed. This is then followed by the general

investigation of the optinm combination of blade parameters for a

rotor. These same analyses are then performed for a propeller.

Finally, the analysis of a given rotor or propeller is made.

It will be seen that the optimum combination of blade parameters

- for a rotor and a propeller are appreciably different. In view of

this conclusion, attention was given more to the analysis of constant

pitch rotors performing as both rotors and propellers. A program was

set up on a digital computer to study the effects of varying pertinent

blade parameters. The results of these calculations are presented and 4

discussed in the conclusions of this study.I '
It should be emphasize4, and the reader cautioned to the fact,

that this report is not interAed to be a VTOL propeller design handbook.

EIts intended purpose is to investigate, in a broad sense, the relative
merits of different design philosophies of propellers for tilt-wing,

VTOL aircraft. The calculated performances presented here in compari-

son with measured results will probably prove somewhat optimistic.

1 This is due to the fact a very clean airfoil section is assumed in the

calculations and, in addition, the effect of a hub is ignored with all

numerical integrations being carried into the axis of rotation.

!
I
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IV. DEVELOPMEMN OF TEORY[

A. The Otim , Rotor for Hoveriri

The following development is based on the vortex theory of

propellers as presented in references (1) and (2). A blade [
element in hovering is shown in Figure 1. In this figure the

following quantities are defined as: [
r bound circulation

FQ = torque force L

T thrust r

w = induced velocity

wa axial component of w [
Wt = tangential component of w

wo = ficticious 'impact" velocity r

Ve = resultant velocity

r s section radius

X = r/R

R rotor radius

Vt = tip velocity due to rotation 1

The Bets condition for the optimum propeller is well known and [
states that the impact velocity, w0 , must be a constant for mini-

%= induced power loss. In addition to this condition, the I
induced velocity, v, must be approximatoly normal to the resultant I
velocity Ve. This condition of normality can be shown to hold

exactly only in the ultimate wake where the induced velocity has I
increased to twice its value at the plane of the rotor. I

~OUF~3TI!
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[ From the geometry of Figure 1, it follows that:

WO Ve 1(1)
[ tanws MEM M (a)

[ =XVT C 0 (d)

[ V

the Kutta-Joukowski law states that:

' P (2)

thus, if b is the number of blades:

dT bp))

dFQ bf LW . dr (b)

The circulation r and the tangential component of induced

[ velocity can be related by a factor, F.

b r 41T r F w4 - (3)

The factor, F, has been calculated approximately by Prandtl to

be:-11 b( ) J
I IT CO!) exp (P.: Tr P L ,

where: T : = * ' T a /

Although this is an approximation to the more exact Goldszein's

factor, it should agree closely with Goldstein's factor for rotors.

I
CONF'IDENT IAL
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If equatioas (1) and (3) are substituted into (2) then the

thrust and power coefficients can be calculated as:

(5)

CT = (a)

Cp = 4 W1 Fx cos 41 ' (b)
0j

where: CT .1T/p r V Z
rcp = P/Pr: 13

P = power

xh = hub radius/R

Equations (5 a and b) neglect any profile drag losses. If these

are included, then the thrust and power coefficients become:

1 (6)

4
CT = 4. Fxcos 'P(i-e-,4o)dx (a)

where: C =d/ca

Cd - profile drag coefficient
C1  = section lift coefficient

It 1s often convenient to consider a rotor in terms of an

average lift coefficient. This can be calculated by ignoring the

induced velocity in calculating the thrust.

CONFMTIAL
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' 'bI T fQVr) C C,

VT/ Jr (7)

where: c = section chord

This can also be written in terms of the thrust coefficient.or1.T C -

Clay g d(8)
[ ~;Jz dX

Xhr For a uniformly tapered blade where the chord is given by:

Fthe average lift ^oefficient becomes:

bCT
Clag (9)

(where: = C b . /Tr~ (,
The optimum distribution of C1 can be determined from:

R (10)

or substituting for r and V. from equations, (1) and (3) gives:cC, 8ITF

-~ S,0 $b (11)4

..... --==:.O" ... IUU T AL
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For a uniformly tapered blade, the lift coefficient becomes:

C1- (12)

B. Arnlaication -of lauations to Desien of Rotor

It will be assumed that the blade airfoil section, planform,

and tip speed are known from other considerations. Because of

the profile drag losses, it is difficult to determine prior to

the detailed calculations, the exact value of wv necessary to

give the desired thrust coefficient. However, as a start, in

equation 6(a) the factor F can be taken to be 1.0 and 6 0 so

that approximately:
I

CT (13)

ors 0'1

The procedure for applying the equations which have been developed

thus far is perhaps better presented in steps.

1. Calculate vo ' from equation (13)

2. Calculate (P from equation (la)

3. Calculate F from equation (1)

4*. Calculate CCI from equation (11)

5. Knowing the chord distribution, the lift coefficients

can be obtained from step 4 and then Cd from the airfoil

section charateristics.

6. Calculate OT and Cp from equation (6)

7. Steps 1 thru 6 are repeated until the desired Or is

obtained.

8. calculate blade pitch angles from -
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where: d i

C. Selection of ODtiMW Rotor Parameters

The choice of the rotor solidity and thrust coefficient can

be made on the basis of aerodynamic considerations. In so doing,

the profile drag is the governing factor. In the absence of

profile drag, the optimum rotor for supporting a given weight is

obviously the largest one which can be tolerated. This follows,

since from equation (6) for Cd 0 and F = 1.0:

~)

P= ZP
I' or

fT

However, when the profile drag is included, there will be a point

beyond which the increased loss in profile power will offset any

[ decrease in induced power gaiied by increasing the radius.

ITo determine this optimum radius, the assumption is made that the

angle 4S is small so that cos J6 = 1. Then equation (5b) for the

power can be written ass

I
I
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I

123-! I

I + 47Tf R2Vy~ Y 'F "  6 dy

It can be shown that, to the approximation that ( is small:

IC

6c
where: R

T F dOK
thus: P - r-'lSX d

Tr ,~ZV a rXCd dT

If equation (5a) is substituted for v0  thens

, T"l rp C, do

= R
(4 wrfrSFd i R?

This is of the forms

Ce_P_ + C z

For a constant tip speed, T, and 6, the power vill be a minimm

when -

d0 -

or R3op C,/.C
o30pt u



I CO I TAL Page 13

Report R-77

INotice that:

Ropt - ZC R., s

That is, for minimum power, tnio induced power should be twice the

profile power, a result which has been derived previously in

reference (3). The expression for the optimum radius can be

written as -..
I c'~VT)

0 R °  rrr f; F z dX
+0 +- (15)

Squation (15 ) can be rewritten givinag a r*lationship between

the thrust coefficient and the solidity for mlnim power.

_______-___ (16)

I 0

It can be shown by expening F In a series thats

-,'' I I a

whores a2 T

If, in addition, it Is assumed that the drag coefficient is a

constant, then the following relatonshp can be obtained.

:1 + m,++ +
~ - ~ ~ -m - ____
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2 C.,.
_. 0 (17)

If equation (9) for Clavg is substituted for V. in equation (17),

then it will be found that -

(i art (7 / , (18)
C"

Equations (17) and (18) are plotted as a function of the thrust

coefficient for different numbers of blades in Figure 2.

Before going to the optimum propeller, consider the implica-

tions of the foregoing development. The figure of merit of a

rotor is defined &s the ratio of the ideal induced power required

by a rotor to hover to the actual power required.

M~ PpPij + P P

where: Pi = induced power

Pp = profile power

Most texts on helicopters, for example reference (4), state that

H, for a good rotor, should be about 0.75. For the ideal rotor

M = 1, while, according to reference (4), M = 0.5 is poor for a

rotor. But now consider M for the optimum rotor including profile

drag. For this case it was just shown that the induced power

should equal twice the profile power. Thus

zP
H2P iP 3

1Pn
CONFIDENTIAL
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I The value of M = 0.667 is rather unexpected and much lower than

usually thought acceptable, and yet this is the value tor a

arotor requiring the least total power to produce a given thrust.

I Thus, the usual figure of merit for a rotor can be misleading

and not a reliable basis for comparing different rotor designs.

I A different standard for rotors in hovering is therefore

[ proposed. Instead of using the ideal induced power as a basis

for comparison it is proposed to use instead the power which

[would be required by the optimum rotor. For want of a better

name, this new "figure of merit' will be called "design

sefficiency"l and denoted by '

POP~ (19)
[P

[Now, P "T' T c R 3VC

P., 2 ' T L."

so that:

or.

~V1
Io _ _+-

" II+

IA __, p
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and: VT C r

so that:
j (20)

where:

Equation (20) is plotted as a function of " in Figure 3. From

this figure it can be seen that a rotor can be operating 20% off

of the optimum CT with only a 1% penalty in power.

D. The ODimum ProDeller

A development will now be undertaken for the propeller

similar to that which was Just presented for the rotor. Consider

the propeller blade element shown in Figure 4. In this develop-

ment, the propeller will be assumed to be lightly loaded. Hence,

tht angle 0(; , the induced angle of attack, can be treated as a

small angle. In the same manner as for the rotor, the thrust and

torque force per blade can be written as:

(21)

dT = 6jPX, W~ r(a)

dF = b rr (v +to%.,.) dr(b

where: V = inflow velocity

Again, for the optimum propeller, the Betz condition holds that

vo, the impact velocity, must Le constant. Thus:

00W1n7II T IAL
V'

-. ih UI=h . j
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ton (22)

v ,w Wa. =m Wtu

Also:

bP= 4M rF 1

The expressions for thrust and torque force therefore becomei

(23)
4' 1,' r F

dT +

dFQ V (b)

or dP (V (c)

The ideal efficiency (neglecting profile drag) can be en

imiediately to be,
T= I

Including the profile drag, the thrust and pover coefficients j
become:

CT 4 6f,'fFX c os #(A + qgc~*dAa

-Cp -,9$:y a,("+W+..o. .,.,e* t,, iN (b)
ifre w, cV

4
24~-c n#d a

IV F

• C,/c '

- 4r (A --.Q=* o- Ol+Wr l- +

S,|
Xhi
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As an approximation, Vo' and CT are related by -

- 2 4 (25)

R. Selection of Optimu m Propeller Parameters

The problem of choosing the solidity and radius for 
an optimum

propeller is now considered. The power can be written as:

dP b(V c-)IT + b  VTR d X
o VV dC C

If the last term is called P0, then

dP0  = Pye CCd C0SO V R o

vod

If equation (19a) is substituted into the above then -

dP 0  e o j4
z. r

ve V,. Cd dT

but v , . MO- ON,- ,, " L it, o
4%~e~~, s 4) An (I

therefore: VT dr C d dT o C 0 (1

dPo z-; .i&a' Fsin

The -total power is thus:

\ Vr S I n.°(- V  _ Cd d Tc oi 0(

coNIP I4-L+

_ .. - -S 4. 6 X F S A-

-I __-.



CONFIDENTIAL IPage 19

Report R-77

If the elemental thrust is held constant, the elemental power I
will be a minimum when

dV,.. cos ,+ 5-x Cd V-r-

, is small so that:
)_ c V,_ Co& 4)

I >,EFVr Sin

If the value of ~.is substituted into dP0 then i

dP0  + d- (27) [
c os~ i'r dT iI

but (27) is simply the induced power given by the second term in

equation (26). Thus, for the optimum propeller with minimum

power, the induced power should equal the profile power.

Thus:i
Pain v+ jwo) T 

(28)

I
This result establishes an upper limit on the efficiency of

a propeller with the profile drag included. I
--7V

o X P, 4- iz NV
or, s1nCe -. is given closely by 3

V

V 1
'~ +-

it follows that:

CmlDETA



CONFIDENTTAL

Page 20
Report R-77

I

A X CT (29)

A relationship between CTopt, " and 2 can be obtained by writing
the thrust coefficient approximately as:I

CT 4X 0--  ,d d

and substituting from 26 for (1.

CTopt r (c cCos q dX (30)

0

An approximate relation between CTopt, 6-" and can be obtained

by letting k = 0 (no taper) and assuming F 1 and Cd = constant.

/ Z (31)

The integral in equation (31) has been evaluated graphically as a

function of , . The result is presented in Figure 5. Also includ-

ed in the figure are results obtained from reference (9) of

experimental measurements with three-bladed variable pitch

variable pitch propellers. For each collective pitch angle the

value of the propeller advance ratio and thrust coefficient for

maximum efficiency was chosen to give the point shown. The

experimental trend is seen to be in substantial agreement with

the theory.

CO0171DE TIL
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F. Comparison of Optimum Rotor with the Optimum Propeller

The thrust coefficient of a VTOL rotor acting as a propeller

can be expressed in terms of its coefficient as a rotor. If a

sub "p" refers to propeller and a sub "r" to rotor, then

CD (r z
I ~ (32)P CL (

where: CD = aircraft drag coefficient

C1  = aircraft lift coefficient

N = rotational speed

The question is now posed as to whether equation (32) and Figures

2 and 5 can be satisfied simultaneously. Consider typical values

of

CTr = 9016

CD/CL = 1/12

z .35

From Figure 2, for Cd a 0.01, *ro - 0. -8

From Figure % C/// ,

therefore: N.P/N o. .8 +

In terms of the usual rotor tip speeds, this would give a very

Ilow Np and, hence, for this A a very low aircraft speed.

Increasing Cr does not change this result appreciably. Now

choose = 1.0. Then CTP = o3 Cd36 or CTp .0327

I therefore, N r ,

Ur C ONFIDENTIAL



CONFIDENT IAL
Page 22
Report R-77

Again even for this relatively high A , for the usual rotor tip

speeds, this results in low aircraft speeds. Actually, the value

of CTP/FACd T for A larger than 1 should not change much beyond

the value of 0.4. Thus V = 0.22 andA 5 would be needed in

order for both the rotor and propeller to be compatible with

optimum requirements.

From these examples, it does not appear feasible to attempt

a design which would have an optimum solidity as both a rotor

and a propeller. Therefore attention will now be given to the

problem of analyzing a given rotor or propeller.

G. Analysis of Given Rotor or Propeller

Reference is again made to Figure 4. Now, instead of finding

the distribution to give the optimum induced velocity distribu-

tion, the P will be given. The problem then is to find the

induced velocity and hence the lift and drag coefficients for

given V and VT values. To do this, the bound circulation, Fl,

is written first as:

p=

but Pis also given approximately by:

4-r r F t-l t

Equating the two expressions for r gives

Cl G-XV (33)

but C1 is also given by:

C - k (310

C ONFIDENT IAL
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Ssothat F

I x e

I From the geometry of Figure , it can be seen that

W t  V n (A Sn 4 (35)

Thus:I F

now:
X + 0(1

[
Thus the induced angle of attack is given implicitly by:

-X j (36)

This equation can be solved explicitly to the approximation that

is small:

I1 Therefore:

13 + 1 +4
1where: B +

A. F t.os

! CONI NIIAL
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C =
&F co~s 6?

For a rotor in hovering = 0 so that 0 = 0.

For this case, the induced angle of attack becomes:

The tip loss factor F is given by (1). The angle (T in equation

(1) can be taken to beeP, the blade pitch angle at the tip.

Thus knowing G ( and the airfoil section characteris-

tics, the radial variation of ( 1 can be calculated. The section

lift coefficients are then obtained from (31).

The thrust and power coefficients can be calculated by:

CT -T (a)

0

P %V
C i% + 6co )d0 (b)

0

The velocity (Ve/VT), to the approximation of 0(i being small, is

given closely by:Z
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H. Results of Digital Zomputer Program,

An extensive program has been performed on ap IBM Model 650

magnetic drum digital computer. The program considered only

rotors or propellers having constant pitch; that is, with blade

pitch angles given by:

= .+ AQ(o)
T

where: p = propeller pitch

A = propeller collective pitch angle.

This particular pitch distribution was chosen when it was found to

agree closely with thej distributions calculated for the optimum

rotors or propellers forA/3=1

The drag coefficient variation with Mach No. was taken propor- T

tional to the fourth power of the difference between the critical

Mach No. and the local operating Mach No. This is in accordance

with the recommendation of references (5) and (6). Specifically,

the drag coefficient was expressed as: j
Cd = Cd 2- C- 2 , ' /r

C' 2 4-
- r 1 f z 2-x Kt(M-MV) M > Mcr 1

The critical Mach No. is given approximately by:

Mcr = Mcr o " Ml Cl

where: C2, K, and m, are constants of proportionality

Cl = section lift coefficient

CONFIDENT IAL
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Cdo  = Cd for Cl = 0

Mcr °  critical Mach No. for C1 = 0

For the 12% thick series 16 airfoils which were used in this

study, the various constants were determined from reference (7)

as:

C2 = 0.006

K = 200

ml = 0.162

Mcr = 07*57

Cdo = 0.006

The slope of the section lift coefficient curve was corrected

for compressibility effects by fitting the emperical results of

reference (8) with the following expression:

ao  = aoinc ( + a4 M4 + ailO M10 )

The constant a4 and alO were found to be:

ai+ a l.+38

alo = - .29

aoinc is the slope of the lift curve for incompressible flow and

for a 12% thick series 16 airfoil was taken as aOinc = 1+.8.

The effect of Reynold's No. was not considered in these cal-

culations. The Reynold'& No. for the test da-t of reference (7)

was between 0.85 x 106 and 2 x 106. As long as the Reynold's

number of an average propeller station, say the 0.7 radius, is

of this order the results given here should be valid.
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The basic results which were obtained are presented in

Figures 6 through 16. Figure 6 presents the calculated thrust

and power coefficients of families of rotors having constant

pitch with A,/3 = 0. These curves represent about the best

performance that could be obtained with a hovering rotor since

the aerodynamic loading is close to ideal and their airfoil"

sections are very clean. These results are all for a constant

tip Mach No. of 0.75.

The effect of tip Mach No. on a hovering rotor as predicted

by the present methods is shown in Figure 7. For a given thrust

coefficient, the power coefficient is seen to be nearly the same

for I = .8 as for MT = .6, since for a given pitch-diameter

ratio both the thrust and power coefficients are higher for

MT = 0.8. For a tip Mach No. of 0.9 the performance of the rotor

is seen to be ser:ously affected. The thrust coefficient, for a

given P/D, is lower than that of MT = .8 while the power coeffi-

cient is appreciab.y higher.

Figures 8, 9 and 10 present the calculated thrust and power

- coefficient as a function of the collective pitch angle for pro-

pellers whose P/D values were chosen from Figure 6 to have average

C1 values in hovering of 0.5. As noted on the figures, the

performance of the propeller was calculated for three different

values of the forward speed-tip speed ratio, .

The calculated performance of constant pitch propellers with

= 0 for different A values is presented in Figures 11, 12

and 13. These curves are all calculated at a constant forward

CONFIDENTIAL
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Mach No. of 0.4.

Figures 14, 15 and 16 present the calculated performance of

the propellers of the previous three figures when performing as

rotors. The P/D values were chosen such that, as propellers

with L = 0, the thru3t coefficient would be 0.005.
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V. CONCLUSIONS

Although it appears difficult to state any definite ruls for the

selection of a VTOL propeller, there are some gpneral observations and I
conclusions that can be made from the results of this study. From the J
analyses of the optimum rotor and the optimum propeller, it appears im-

possible to attain both of these optimums in a single design. However, J
certain design practices can be followed which should assure a good

aerodynamic compromise between the states of operation. I
rhese practices are evident from Figures 17 and 18. These figures j

have been constructed from the results given in Figures 6 through 16.

Figure 17 presents the power requi -- ". by the optimum rotor acting as a I
propeller to deliver a given thrust coefficient as compared with the

power required by the optimum propeller to deliver the same thrust

coefficient. Figure 18 presents the power required by the optimum I
propeller to hover at a given thrust coefficient compared with the

power required by the optimum rotor. I

Regardless of whether the VTOL propeller is designed as an optimum I
3 propeller or as an optimum rotor or as a compromise, one important fact

is obvious from both Figures 17 and 18. The ratio, 1, of the propeller

forward speed to the tip speed should be relatively high. The gain in

power from increasing A is two-fold. Not only does the ratio of power

coefficients decrease with increasing A at a constant Ct value but,

j in addition, for a given thrust and forward speed, the Ct value I-

croases with increasing which further reduces the ratio of power!
I =0NFIDENTIAL
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coefficients. There is a limit, of course, to the value of A above

which the power required to produce a given thrust at a certain forward

speed will increase. This optimum A can be estimated from Figure 5.

Another conclusion of some significance is to be drawn from these

figures. This can best be shown by considering a typical example.

Assume a tilt-wing VTOL transport with the following characteristics:

gross weight i00,000#

forward velocity 100 fps

number of propellers 4

average C1 in hovering 0.5

drag in forwA r-A flight ..0,O 9 0

The power required to hover using an optimum rotor and an optimum pro-

peller is shown as a function of the propeller advance ratio for

different values of solidity in Figure 19. The power required for

forward flight for the optimum propeller and optimum rotor is given

in Figure 20 as a function of * Now it is felt that because of

weight and other considerations, the blade solidity of a VTOL aircraft

will be high in comparison with the usual helicopter rotor. From

Figure 19, it can be seen that over the range of values considered,

the power required to hover by the propellex for solidities oi 0.3 and

0.5 is at the most, only 1+% higher than the power required by the

optimum rotor. However, from Figure 20, tho power required by the

optimum rotor in forward flight is at least 104 higher than that

required by the optimum propeller at the higher A values and at the

lower values of A is . ore than 50% higher than for the propeller.
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Thus, it would appear advisable in designing the VTOL 
propeller,

that is in selecting the blade twist and planform, 
to favor the

Ioperation of th propeller in the airplane state.
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RELATIONSHIP BETWEEN OPTD4 SOLIDITY, THRUST CCFFICIENT
AND AVERAGE LIFT COEFFICINT FOR A ROTOR
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FIGURE 3

DESIGN EFFICIENCY
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FIGURE 5

RELATIONSHIP ETIEEN -OPTIMUM SOLIDITY, THRUST

C EFPICIFNT AND FOR A PROPELLER
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IGURE 6

I CAMLCUATED PE RXANE OF CONSTANT - PITCH RCYO*
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FIGURE 11

CALCULATED PERFORMAE OF CONSTANT - PITCH PROPFLLERS
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FIGURE 12

f CALCULATED PEFC1AME OF COSTAT - PITCH PROPFLLERS
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FIGURE 13

CALCULATED P'RFCRMANCE OF CONSTANT - PITCH PROPELLERS
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FIGURE 17

C04PARISON OF POWFR REQUIRED BY AN OPTIJM ROTOR AND AN
OPTIMUM PROPELLFR WITH BOTH PERFORMING AS A PROPELLER

Cprotor ~ .I, ,

Ipprop

1 , 6 .-

- - - - - 0 0 7-0, 6....

1.4- -: - - ' - I -

, . . ..17 -1

.4 4

1.0 L i F iiI.T.. .
0 .002 .004 .006 .008 .010 .012

CT

CcOJFIDSNTI~dr



ftDor t iR-77

I
FIGURE 18

f .COMPARISON OF POWER REQUIRETn BY AN OP'TIMUM ROTOR AND
AN OPTIMUM PR.OPELLER WITH BOTH P'rRFORMING AS A ROTOR
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POWER REQUIRED BY OPTIMUM ROTOR AND OPTIMUM
PROPELLER TO HOVER F(A1IPLE TILT-WI % TRANFSPRT
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FIGURE 20

POWER E~ID BY OPTIMUJM ROTOR AND OPTIM4M PROPLLER TO
PROM. THE TTAI(PL TILT-WING TR.ANSPORT IN FORWARD FLIGHT
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